Introduction elongated rod-shaped molecule, 115 Å ϫ 30 Å ϫ 55 Å (Figure 1 ). It is rich in ␤ sheet with 40% ␤ sheet made The mechanisms of protein insertion into membranes up of 25 ␤ strands contributing to 5 sheets. One strand has generated intense biological interest. Structural (residues 376-398, ignoring an interruption at residue studies of toxins have contributed a great deal of insight 391) spans about two thirds of the molecule and meainto our understanding of the phenomenon, but much sures 70 Å . There are eleven ␣ helices and two 3 10 helistill needs to be learned (Parker, 1996) . The thiol-actices, varying in length between 4 and 18 residues. vated cytolysins are a prime target for structural studies,
The molecule is comprised of four discontinuous as they have been extensively characterized by biodomains . Domain 1 (residues chemical and molecular biological techniques has an ␣/␤ structure Geoffroy, 1991; Tweten, 1995) . These pore-forming toxcontaining a 7-stranded antiparallel ␤ sheet. Domain 2 ins are secreted by taxonomically diverse species of (residues 54-89, 374-390) consists of four mixed ␤ gram-positive bacteria, which in turn are responsible for strands with Ϫ3X, ϩ1, ϩ1 topology. Domain 3 (residues life-threatening infections. To date, more than 20 family ) is comprised of an ␣/␤/␣ three layer members have been characterized (Alouf and Geoffroy, structure. The 5-stranded antiparallel sheet is a continu-1991; Tweten, 1995) . They include listeriolysin O, an ation of the sheet structure in Domain 1 that has a highly essential virulence factor of Listeria monocytogenes pronounced curvature centered about the domain/ that causes meningitis and abortion; perfringolysin O, a domain interface. The interface of Domains 2 and 3, virulence factor of Clostridium perfringens that causes covering a surface area of 570 Å 2 , is constructed from gas gangrene; and pneumolysin, a major virulence factor the packing of a helix against the ␤ sheet of Domain 2 of Streptococcus pneumoniae that causes pneumonia and consists of predominantly polar interactions. Doand meningitis (Alouf and Geoffroy, 1991; Tweten, 1995) . main 2 is connected to Domain 4 through a glycine linker Each toxin consists of a single polypeptide chain with at residue 392. Domain 4 (residues 391-500) is folded molecular weights ranging from 50 kDa to 80 kDa, and into a compact ␤ sandwich consisting of 4-and there is a high pairwise sequence identity between them 5-stranded sheets. One is antiparallel with topology ϩ1, (40%-70%) suggesting they will all have very similar 3D structures (Alouf and Geoffroy, 1991; Tweten, 1995) . The 0, Ϫ2X, Ϫ1, while the other is of mixed topology Ϫ1, molecules in cholesterol-rich areas of the target cell membrane and hence promoting oligomerization (Alouf and Geoffroy, 1991; Tweten, 1995) . Indeed, the extent of toxin binding and size of the oligomers is dependent on the cholesterol concentration in the membrane (Ohno-Iwashita et al., 1992 ; R. K. T., unpublished data). Numerous chemical modification and mutagenesis studies have suggested the cholesterol binding site is close to the Trp-rich motif and, in particular, the conserved cysteine residue (Pinkney et al., 1989; Saunders et al., 1989; Boulnois et al., 1990; Michel et al., 1990; Hill et al., 1994) . Cys-459 is located near the tip of Domain 4, sandwiched between a ␤ sheet and Trp-467, which is part of an elongated loop, containing part of the Trprich motif, that is folded back onto the sheet ( Figures  1A and 2A ). Of particular interest is the positioning of Trp-464, which points directly into the sheet and is surrounded by long surface side chains. The orientation and location of Trp-464 is suggestive of a potential binding site for cholesterol if the Trp-rich loop is displaced ( Figure 2B ). We have probed this region in the absence of the loop with the ligand design program LUDI (BIOSYM Technologies Inc., San Diego, California) and found a convincing fit where the sterol rings pack against the aliphatic portions of the long surface side chains. The 3␤-OH forms hydrogen bonds with Glu-407 and Arg-457. Binding here could trigger membrane insertion because the extended loop is predominantly hydrophobic and, cholesterol molecule, could act as daggers for penetradesignated by a different color. This figure was generated using tion of the membrane. This is supported by experiments RIBBONS (Carson, 1991) .
that demonstrate that cholesterol binding induces partial membrane insertion and triggers conformational ϩ2, ϩ1. The interface between Domains 2 and 4 meachanges leading to changes in the environment of some sures 510 Å 2 and consists of one salt link (between Lys tryptophan residues without change in secondary struc-70 and Glu 446) and a number of hydrogen-bonding ture (Nakamura et al., 1995) . interactions centered about an aromatic cluster (Tyr 389, The putative binding site for cholesterol would explain Tyr 415, and Phe 75). We searched for similar structures a large number of apparently contradictory experiments to PFO (Holm and Sander, 1993) . All the hits were conthat demonstrate that the Trp-rich motif is close to but fined to Domain 4 and reflected the common ␤ sandwich not directly involved in cholesterol binding and that fold. The top hit, transthyretin (PDB code:1ETB, Hamilmaintenance of hydrophobicity of the loop is critical for ton et al., 1993) , adopts the correct number of strands lysis (Pinkney et al., 1989; Saunders et al., 1989 ; Boulnois and twist of the ␤ sheet with a rms deviation of 3. 5 Å et al., 1990; Michel et al., 1990; Hill et al., 1994) . for 90 equivalenced ␣ carbon atoms.
We have analyzed the structure for clues as to how the toxin might penetrate membranes. There are no sigMolecular Basis of Thiol Activation Chemical modification of Cys-459 causes toxin inactivanificant patches of hydrophobic residues on the surface or in the domain interfacial regions, no unusual temperation (reviewed in Alouf and Geoffroy, 1991). However, site-directed mutagenesis studies have shown that this ture factor trends, and no unusual charge distributions. We have aligned sequences of thiol-activated cytolysins residue itself is not essential for toxin function Pinkney et al., 1989; Boulnois et al., 1990 ; and mapped the identical and conservatively substituted residues onto the structure (data not shown). The Michel et al., 1990; Hill et al., 1994) . The crystal structure provides a molecular basis for resolving this paradox. most highly conserved areas map onto the hydrophobic core of the molecule, which is consistent with the thiolCys-459 is sandwiched between one of the ␤ sheets in Domain 4 and the Trp-rich loop, as described above activated cytolysins sharing a similar 3D structure. Of particular interest is the C-terminal conserved Trp-rich ( Figure 2A ). Chemical modification of the cysteine with a bulky thiol-blocking reagent would disturb the tight sequence, 458 ECTGLAWEWWR 468, which has been the subject of many mutagenesis studies (for reviews, packing of Cys-459, leading to conformational changes of the Trp-rich loop. These changes could adversely see Alouf and Geoffroy, 1991; Tweten, 1995) .
impact the triggering of the loop required for cholesterol binding and membrane insertion. In addition, based on Binding Site for the Receptor, Cholesterol Cholesterol is the receptor (K d of about 10 Ϫ9 M) for the our modeling of cholesterol binding, a bulky modification to Cys-459 would cause steric clashes and prevent family and is thought to act by concentrating the toxin and Schlegel, 1975; Cowell et al., 1978; Mitsui et al., 1979a Mitsui et al., , 1979b Rottem et al., 1982; Niedermeyer, 1985; Bhakdi and Tranum-Jensen, 1988; Olofsson et al., 1993; Sekiya et al., 1993; Morgan et al., 1994 Morgan et al., , 1995 . A consensus model of the oligomer can be built up based on these studies. When viewed down the channel axis, the outer diameter of the oligomer is between 300 Å and 450 Å , depending on the number of monomers contributing to the ring (between 40 and 50 monomers based on rotational averaging of the images), and the ring width is 65 Å . The ring consists of two domains, a compact inner domain forming close contacts with the equivalent domain in the next monomer and an elongated outer domain extending radially outward from the ring with much less contact with neighboring monomers. The inner domain has a periodic repeat of 24 Å around the ring. Side views of the oligomer show that it is mushroomshaped, with a height of between 90 Å and 100 Å . The bottom half of the mushroom stalk spans the membrane bilayer (Sekiya et al., 1993) . Electron microscopy, analytical ultracentrifugation, and viscometry studies of the monomer indicate that it is L-shaped, consisting of four domains of equal size (with a diameter of about 30 Å ), with one end domain flexibly linked to the other three (Morgan et al., 1994) . There is considerable biochemical and mutagenesis data available to aid in identifying which parts of the monomer contribute to various regions of the oligomer. Domain 4 must be located at the bottom of the mushroom-shaped stalk that spans the bilayer based on the following evidence: proteolysis studies of PFO demonstrate that a C-terminal fragment (residues 304-500) binds to erythrocytes and cholesterol like intact toxin (Iwamoto et al., 1990; Tweten et al., 1991) ; numerous mutagenesis studies show that the cholesterol-binding site is close to the Trp-rich region in Domain 4 and that this region also is directly involved in hemolytic activity (see above); Trp fluorescence emission spectroscopy shows that the C-terminal fragment undergoes conformational changes on membrane binding (Nakamura et al., 1995) ; and antibody data shows that regions in Domain 4 are involved in cell binding (Darji et al., 1996; De Los Toyos et al., 1996) . Antibody Trp-467. 1996) , and proteolysis studies support an oligomeriza-(B) On binding cholesterol. This figure was constructed based on a tion interface also being located in the C-terminal half putative model of the complex as described in the text. These figures of the molecule (Iwamoto et al., 1990; were generated using MidasPlus (Ferrin et al., 1988) .
1991).
We have modeled the PFO oligomer based on the above studies, which provide a unique fit of the crystal cholesterol binding in the region. This is in agreement structure to the EM images ( Figure 3 ). The L-shaped with the experimental findings that show that modificacrystal structure fits into the L-shaped repeating unit of tion causes large decreases in cell binding (reviewed in the oligomer, with Domains 1, 2, and 4 fitting into the Alouf and Geoffroy, 1991).
cylindrical stem and Domain 3 placed in the "flange" of the mushroom-shaped oligomer. Domain 4 has been Structure of the Membrane-Bound Oligomer positioned in the membrane-spanning base of the oligoOligomerization appears to be an essential requirement mer, in agreement with the biochemical data, with one for lytic activity and appears to precede lysis (Harris et face of the domain forming a continual ␤ sheet with the al., 1991; Palmer et al., 1995; Walev et al., 1995) . A numsame domain in the other monomers. The only required ber of thiol-activated toxin oligomers have been visualalteration to the crystal structure is a rotation of Domain ized by negative stain electron microscopy (EM), and 3 by 35Њ from Domain 2 so that the width of the ring they all possess similar arc-and ring-shaped structures agrees with the EM data. The rotation does not involve any steric clashes, and the resultant model was energy of similar dimensions and subunit organization (Duncan The view is looking down onto the oligomeric ring. This figure was generated using GRASP (Nicholls et al., 1991). and viscometry studies of the monomer in solution indi- (Darji et al., 1996; De Los Toyos et al., 1996) . We Figure 4) . The second solution was related to the Plus (Ferrin et al., 1988). first by a translation of 47 Å along one axis and corresponds to a docking on the opposite face of Domain 1 to that of the first. The resulting fit is too good not to minimized without problems. The rotation has the effect of straightening out the very pronounced bent sheet that be correct: the concave surface of one molecule fits into the convex surfaces of the other molecule; the buried extends from Domain 1 to Domain 3. The feasibility of this movement is supported by the poor packing besurface of approximately 1500 Å 2 is typical of proteinprotein complexes; a 3D profile plot (Lü thy et al., 1992) tween Domains 2 and Domain 3; the polarity of the interface between these domains; the location of possible shows that all residues are in a favorable environment; there are 26 hydrogen-bonding interactions, including hinge points at conserved Glycines 274, 324, and 325; and the observation that the rotation would be essential six salt bridges (Arg-49 to Asp-111, Lys-112 to Glu-51, Lys-125 to Asp-243, Asp-148 to Lys-239, Asp-159 to to avoid clashes of Domain 3 with the membrane upon insertion of the oligomer. Supporting experimental eviLys-139, Lys-257 to Asp-39); there is only one hydrophobic patch of residues on each interacting surface of the dence comes from EM, analytical ultracentrifugation, Residues are colored according to their charge: red is negatively charged, blue is positively charged, cyan is polar, and green is nonpolar. These figures were generated using MidasPlus (Ferrin et al., 1988). domains; and these patches are found to interact with as was postulated for the membrane penetration of diphtheria toxin (Choe et al., 1992) . We present our each other (Met-123 and Ile-121 of one monomer and Leu-237, Val-365, and Val-372 of the other monomer).
model of membrane insertion in Figure 3 .
Relevance to Other Pore-Forming Proteins Mechanism of Membrane Insertion
There is compelling evidence for thiol-activated cytolyOur model for membrane insertion is very different from models proposed for other pore-forming proteins in sins fully inserting into membranes (Alouf and Geoffroy, 1991; Tweten, 1995) . There are no large hydrophobic which large structural rearrangements are suggested and the receptor is not considered to play a significant patches on the surfaces of the PFO molecule and no helices long enough to span a membrane. Our modeling role (Parker, 1996) . There are currently four general models for membrane insertion. In the first model, a stretch of the EM data suggests that Domain 4 is the membrane insertion domain. This is supported by proteolysis studof hydrophobic sequence is buried within the watersoluble form of the protein and becomes exposed for ies (Tweten et al., 1991) , mutagenesis data (Pinkney et al., 1989; Saunders et al., 1989; Boulnois et al., 1990;  membrane insertion. The classic example of this mechanism is the pore-forming colicins, in which the hydropho- Michel et al., 1990; Hill et al., 1994; Owen et al., 1994) , and monoclonal antibodies directed toward this domain bic stretch adopts a helical hairpin structure buried in the core of the protein (Parker et al., 1989) . Other examples (De Los Toyos et al., 1996) . The sheet in Domain 4 is 29 Å long, sufficient to span the bilayer core. There is an include diphtheria toxin (Choe et al., 1992) , insecticidal ␦ endotoxin (Li et al., 1991) , apolipoprotein (Breiter et unusual distribution of surface residues on one face of Domain 4 with only two charged residues ( Figure 5A ). al., 1991), bacteriophage Pf1 (Nambudripad et al., 1991) , apocytochrome c (De Jongh et al., 1994) , the cell death The carboxylate of Asp-397, located in the center of the sheet, is multiply hydrogen bonded to other surface inhibitor Bcl-xL (Muchmore et al., 1996) , and uteroglobin (De La Cruz and Lee, 1996) . In the second model, there residues, including Ser-485, Ser-440, and His-438. Lys-393 is positioned close to the interface between Doare no linear stretches of hydrophobic sequence, but instead hydrophobic patches are revealed for memmains 2 and 4 and would interact with the polar headgroups of the bilayer. However, this face is still polar, brane insertion by mechanisms such as dissociation of oligomeric states, domain-domain rearrangements, or so we propose that it would interact directly with the 3␤-hydroxy moieties of cholesterol molecules in the proteolytic cleavage. This model is typified by the poreforming toxin aerolysin, in which hydrophobic patches membrane, shielding the face from direct interaction with the hydrophobic bilayer core. This is not an unreaare revealed by dissociation of the dimeric molecule to monomers and the proteolytic removal of a 40 residue sonable proposition as the toxin is targeted to cholesterol-rich regions of the bilayer by virtue of using choles-C-terminal propeptide (Parker et al., 1994) . In the third model, the protein sits either on the surface of the memterol as a receptor for the initial interaction. Another striking feature is the loops at the tip of Domain 4 that brane or partially embedded in the membrane, leading to destabilization and permeabilization of the cell wall. consist of a high proportion of hydrophobic residues ( Figure 5B ). This distribution is consistent with our hyAn example is the annexin family, where the protein sits on the surface of the membrane and is thought to induce pothesis that the tip of Domain 4 leads the insertion into the bilayer. There is one carboxylate (Asp-434) in the pore formation by electroporation due to an electrostatic field generated by the molecule (Berendes et al., 1993) . loop at the bottom of Domain 4 in addition to one carboxylate (Glu-465) on the Trp-rich loop. We suggest that
In the fourth and most recent model, the crystal structures of the Staphylococcus aureus ␣ hemolysin oligopartitioning into the bilayer could be promoted by a low pH environment that would neutralize the carboxylates, mer (Song et al., 1996) and anthrax protective antigen The summation is over all centric reflections. FPHC and FPH are calculated and measured derivative structure factor amplitudes respectively. F P is the native structure factor. ϽԽF HԽϽ/E is a measure of the phasing power of the derivative where ϽԽFHԽϾ is the rms heavy atom derivative structure factor amplitude, and E is the lack-of-closure error. a The number of unique reflections for the derivatives include Bijvoet pairs separately.
b The values in parentheses are for the highest resolution bin (approximate interval 0.1 Å ).
Experimental Procedures
in both monomeric and oligomeric states (Petosa et al., 1997) suggest a large scale movement of a long loop, Protein Expression, Purification, and Crystallization consisting of alternating hydrophilic and hydrophobic PFO was overexpressed, purified, and crystallized as reported elseresidues, into the membrane. The hairpin loop of each where (Feil et al., 1996) . This protein does not include the signal monomer interacts with the hairpins of the other monosequence (residues 1-28) but does include 5 extra residues (DRWGS) at the N terminus of the mature protein due to the introducmers to form a ␤ barrel with the hydrophobic residues tion of an enterokinase site. The crystals belong to space group pointing into the core of the bilayer. There is some anal- insertion. However, the loop in PFO is much shorter and could not span a bilayer. Neither does it have an Data Collection alternating pattern of hydrophilic and hydrophobic resiAll data were collected from crystals at room temperature using the rotation method, either on beamline 6A2 at the Photon Factory, dues that would lead to formation of a stable membraneTsukuba, Japan using X-rays at a wavelength of 1.0 Å or in-house embedded ␤ barrel.
on a MARResearch area detector with CuK␣ X-rays generated by
The model of membrane insertion for the thiol-actia Rigaku RU-200 rotating anode generator. The diffraction data vated cytolysins relies on the receptor to reveal a hywere processed and analyzed using DENZO (Otwinowski, 1993) , drophobic loop and to mask polar regions for membrane SCALEPACK (Otwinowski, 1993) , and programs in the CCP4 Proinsertion. Hence, this model represents a new mechagram Suite (1994).
nism of membrane insertion. We expect that other mem-
Phasing and Model Building
brane-inserting proteins will also utilize aspects of this Crystals were soaked in artificial mother liquor containing the derivamechanism.
tive at room temperature. One major site was located in the isomorphous difference Patterson of the PCMBS derivative. Subsequent sites were found by cross-difference Fouriers using phases derived
Conclusions
from the SIR data and from solvent flattening. Major sites are denoted (A) to (C) and minor sites (D) to (H) in Table 1 . Anomalous A major challenge in biology is to explain how proteins scattering data were collected for all four derivatives and were used pass into or through biological membranes. The PFO to establish unequivocally the correct handedness of the structure.
structure provides the 3D context for understanding the Heavy atom parameters were refined and phases calculated using action of all family members and will act as a stimulus for MLPHARE (CCP4 Program Suite, 1994 (1994) . Orientation of resultant 2F o Ϫ Fc electron density map examined in the region the ␣-helices of apocytochrome c and derived fragments at memof omission. The correctness of the tracing is supported by the brane interfaces, as studied by circular dichroism. Biochemistry 33, convincing fit of all 48 aromatic residues, the location of all eight 14529-14535. heavy atom sites in chemically reasonable positions, and good 3D-De La Cruz, X., and Lee, B. (1996) . The structural homology between 1D scores (Lü thy et al., 1992) . The path of the polypeptide is clear uteroglobin and the pore-forming domain of colicin A suggests a and most of the side chain density is well defined, with the exception possible mechanism of action of uteroglobin. Prot. Sci. 5, 857-861. of a few charged surface residues. Greater than 86% of the residues De Los Toyos, J.R., Mé ndez, F.J., Aparicio, J.F., Vá zquez, F., Del fall in the most favored region of the Ramachandran plot, and none Mar García Suá rez, M., Fleites, A., Hardisson, C., Morgan, P.J., fall in the disallowed regions (Laskowski et al., 1993) .
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